Abstract. This paper presents the analysis of surface topography during longitudinal turning of Waspaloy. The primary objective of the work was to determine the optimal machining conditions enabling the minimization of surface roughness parameters. Experimental studies were performed with the application of fractional plan (with 1 block and 9 systems). The carried out experiment included the measurements of surface topographies formed after turning with variable cutting conditions (cutting speed vc, cutting depth ap and feed f). Subsequently the measured quantities have been applied to the optimization procedure based on the application of response surface method (RSM). In order to obtain the optimal cutting parameters, the maximization of total utility function was carried out. Results revealed that the minimal surface roughness parameters values during turning of Waspaloy with the cubic boron nitride (CBN) inserts can be obtained for the: f=0.05 mm/rev, ap =0.23 mm and vc =452 m/min.
Introduction
Advanced aerospace nickel-based alloys are designed to work in very heavy loads at the elevated temperatures. Nevertheless, these super alloys have low machinability because of their properties focused on improved resistance to hot corrosion, oxidation, creep strain and dwell crack growth, higher stability of the microstructure and yield stress at the high temperature [1] . According to Ezugwu et al. [2] , the nickel-based superalloys can be characterized by the three distinct groups, namely: nickel-copper, nickel-chromium and nickel-molybdenum-chromium.
Waspaloy is a nickel-chromium alloy with very high strength at the elevated temperatures and excellent corrosion resistance. Primarily, this material is applied in aerospace and automotive industries due to its high corrosion resistance and strength at high temperatures. Nevertheless, these unique exploitation properties significantly hinder Waspaloy's machinability. The primary problems occurring during machining of Waspaloy are intense tool wear [3, 4] and high surface roughness [5] . According to Takur and Gangopadhyay [6] , during machining of nickel-based alloys, surface roughness is strongly affected by the three major factors: the initiation of workpiece material's plastic side flow, the appearance of built up edge, and the progression of tool wear. In addition, the machined surface profile can contain also the defects including feed marks, laps and grooves [7] . In order to improve the machinability of hard-to-cut materials, the modern machining trends can be applied. These methods include the high speed machining (HSM) [8] [9] [10] , the laser assisted machining (LAM) [11] [12] [13] , as well as the machining with the application of minimum quantity cooling lubrication a Corresponding author : damian.przestacki@put.poznan.pl (MQCL) [14, 15] . Another method which can be successfully applied to select the effective machining conditions, enabling the improvement of process efficiency or quality, is the optimization. The machining process' optimization objectives are usually focused on the minimization of surface roughness [16] , cutting forces [17] , elongation of tool life [18] , reduction of tool wear [19] and machining vibrations [20] . The popular optimization approaches are mainly based on the Taguchi method and determination of signal-to-noise ratio, grey relational analysis (GRA), as well as the response surface methodology (RSM). Nevertheless, the researches focused on the optimization of Waspaloy machining process have not been reported in literature.
The literature survey reveals that despite many researches regarding the nickel-based superalloys, the machinability of Waspaloy is insufficiently recognized. Therefore, this study is focused on the evaluation of surface topography and roughness parameters during turning of Waspaloy material. The carried out research involves the optimization of cutting parameters (feed per revolution f, cutting depth, a p and cutting speed v c ), allowing the improvement of surface finish obtained after longitudinal turning of Waspaloy.
Experimental details

Work and tool materials
The Waspaloy super alloy was used as the workpiece material. Its chemical composition is depicted in Table 1 [5] . The workpieces were provided as a cylinders with a diameter of 80 mm. The longitudinal turning tests were conducted with the application of the cubic boron nitride CBN7015 inserts with the VBGW 160408 S01020F symbol and the following geometry: tool major cutting edge angle κ r = 72.5º, flank angle in the feed motion direction α f = 5º, and tool radius r ε = 0.8 mm. 
Machining tests
The experiments (see -Tab. 2) involved the longitudinal turning without fluids, carried out on precise TUR 560E lathe with variable cutting speed v c , cutting depth a p and feed f. The experiment was designed with the application of fractional plan (with 1 block and 9 systems) in order to reduce the time and costs of carried out tests. 
Inspection of topography
The surface profile meter, type Veeco NT 1100 has been applied to the evaluation of surface topography. The measurements were made with 5.1-fold magnification. The measurements were repeated 3 times for the each investigated machined surface. The acquired signals were processed in Veeco Vision 32 software. As a consequence, the average surface roughness Ra and surface roughness height Rz were determined.
Optimization of Waspaloy turning process
The multi-criteria optimization procedure was applied in the research. This optimization was based on the transformation of the approximated output factors' values into the singular value of the resultant total utility U tot . Thus, the problem of simultaneous optimization of many output factors was simplified to the determination of one output parameter, which maximizes total response utility. In the carried out research, the Ra and Rz surface roughness parameters were applied as an optimization criteria. In the first part, the turning tests conducted on the basis of the fractional experimental design were carried out. The obtained tests' results were the starting point to the definition of response utility profile, formulated for the investigated output factors (Ra, Rz). During this optimization stage, all output factors' values were assigned to the partial utilities, which values were contained in the range: <0, 1>. After the definition of response utility profiles, the optimal solution's searching procedure was applied. This procedure included the mesh definition of the input variables. Subsequently, the output factors' predictive values were calculated for the all mesh points and as a result, the partial utility values were received. In order to determine the total utility value, the mean geometric values of partial utilities were calculated in the each mesh point. The next step involved the formulation of the total utility model, with the application of spline function. After the generation of this model, the optimal solution searching algorithm was adopted. The optimal solution determines the values of input variables, corresponding to maximal value of the total utility. In order to achieve it, the simplex method implemented in the StatSoft Statistica 13.1 software was applied. Ultimately, the optimal input parameters' values were received.
Results and discussion
The surface topographies, obtained during turning in the range of the lowest (experiment 2) and the highest (experiment 4) levels of selected cutting parameters are presented in figure 1 . It can be observed that for the both investigated cases (Fig. 1a, Fig. 1b) , the feed marks on surface topographies are seen, resulting from the kinematic-geometric model [21] . Furthermore, in case of the lowest The analysis of surface roughness Ra response surfaces, formulated for the investigated cutting parameters (Fig. 2) , shows similar qualitative relations independently on selected cutting depth. From these figures it can be seen, that surface roughness Ra values have an increasing trend with the growth of feed per revolution. This is a typical relation resulting from the traditional kinematic-geometric surface roughness model. In case of cutting speed, the highest surface roughness values were obtained for the moderate v c values, independently on selected feed per revolution. Figures 2a-2c show also that during turning with the lowest selected cutting depth values, the surface roughness Ra parameters are the highest. This relation can be explained by the occurrence of burrs, located at the irregularity peaks (see -Fig. 1a) , which can be caused by the ploughing phenomena occurring at the low chip thicknesses.
The resultant total utility function for the cutting speed v c , depth of cut a p , and feed per revolution f is presented in Figure 3 . The maximal value of total utility function U tot is achieved with feed per revolution f = 0.05 mm/rev, cutting depth a p =0.23 mm and cutting speed v c =452 m/min. The application of these optimal cutting parameters gave surface roughness parameters Ra<0.5 µm and Rz<3.5 µm.
It can be also concluded (Figure 3 ) that the optimum cutting parameters are for the highest value of cutting speed. The selection of the higher cutting speeds during machining of Waspaloy can result in the growth of tool wear intensity. Therefore, the further studies, focused on the analysis of tool wear in function of cutting speed are required to verify the validity of the carried out optimization. 
Conclusions
On the basis of conducted research, focused on the analysis of surface topography during longitudinal turning of Waspaloy, the following conclusions have been formulated:  the feed marks on surface topographies are seen, independently on the selected cutting parameters. In addition, in case of the lowest tested cutting parameters, the surface topography is less regular and characterized by the appearance of burrs located mainly at the peaks of irregularities;  during turning with the lowest investigated cutting depth values, the surface roughness Ra values are the highest. This relation can be attributed to ploughing phenomena occurring at the low chip 
